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The elastic scattering angular distribution of the 16O+60Ni system at 260 MeV was measured
in the range of the Rutherford cross section down to 7 orders of magnitude below. The cross
sections of the lowest 2+ and 3− inelastic states of the target were also measured over a several
orders of magnitude range. Coupled channel (CC) calculations were performed and are shown to
be compatible with the whole set of data only when including the excitation of the projectile and
when the deformations of the imaginary part of the nuclear optical potential are taken into account.
Similar results were obtained when the procedure is applied to the existing data on 16O+27Al
elastic and inelastic scattering at 100 and 280 MeV. An analysis in terms of Dynamical Polarization
Potentials (DPP) indicate the major role of coupled channel effects in the overlapping surface region
of the colliding nuclei.
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I. INTRODUCTION
The elastic scattering is usually the simplest and most
intense channel in nuclear collisions. Notwithstanding,
studies on it are commonly performed aiming to inves-
tigate the nucleus-nucleus potential or the effect of non-
elastic channels. There are many examples in the lit-
erature where a detailed description of elastic scatter-
ing is essential to understand emerging phenomena, like
the threshold anomaly on tighly [1–3] and weakly [4–7]
bound nuclei, the break-up dynamics [8–11] and the nu-
clear rainbow [12–15].
Most of the above mentioned studies are performed at
energies around the Coulomb barrier, where the num-
ber of open channels is relatively small. Even in this re-
gion, coupling channel calculations including all the open
channels are challenging, as demonstrated in [16–20]. At
higher incident energies, they become even more difficult
as more channels are energetically open.
Recent advances in experimental techniques allow the
measurement of high precision and accurate data down
to very low absolute cross sections (∼ nb/sr). The in-
creased resolution reveals new phenomena [21, 22], and
provide information on channel couplings that could not
be studied in details before [23, 24]. From the theoreti-
cal side, the main challenge is to incorporate, in a simple
and accurate model, the complex picture arising from the
full many-body scattering problem. In particular, a reac-
tion model that uses a global potential (which captures
∗ Email address: vinicius.zagatto@gmail.com
the average features of the scattering) and requires few
relevant reaction channels is highly desirable.
In Refs. [25] and [26], direct reaction calculations using
global potentials have already been performed, coupling
only a few relevant reaction channels. The first work
demonstrated that the 3− state of the 16O nucleus is cru-
cial for the appearence of a secondary rainbow structure
in the elastic scattering of 16O+12C reaction at 330 MeV.
The effect of couplings to 16O states was not fully ex-
plored in the analysis of 16O+27Al system (at 280 MeV)
in Ref. [26]. Studying the possible effect of projectile
excitation on a third system would help to elucidate this
question. In the present work, we carefully investigate
one more reaction, 16O + 60Ni at E= 260 MeV to better
understand the role of the excitation of the projectile.
We chose this system as new high precision experimen-
tal data are available on both, the elastic and inelastic
scatterings.
In the next section, some details of the experiment are
presented. The theoretical analysis is presented in section
III. In section IV, discussions about the normalization of
the imaginary potentials and the coupling effects of each
channel on the effective potential are made. Finally, in
the last section the conclusions are presented.
II. EXPERIMENTAL DETAILS
The experimental data have been measured at the
MAGNEX large acceptance spectrometer [27, 28] at
INFN-LNS (Catania, Italy). The 16O8+ beam impinged
on isotopically enriched 60Ni targets. A 150 µg/cm2 thick
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2target was used for measurements at forward angles (
5◦ < θLAB < 15◦), and a 500 µg/cm2 thick one was
used for the large angular region (8◦ < θLAB < 45◦).
The scattered ejectiles were momentum selected by the
spectrometer and the trajectory parameters (i.e. posi-
tion, incident angles, energies) were measured by the Fo-
cal Plane Detector (FPD) [29]. Particle identication and
high order trajectory reconstruction techniques allowed
to recover the scattered energies and angles at the target
position [30, 31]. Details of 16O+27Al data reduction can
be found in Refs. [32, 33].
A typical energy spectrum of the 16O+60Ni reaction
is presented in Fig. 1. The energy resolution is about
600 keV. The 0+ ground state, the 2+ (E∗ = 1.33 MeV)
and 3− (E∗ = 4.04 MeV) excited states of target were
clearly resolved from each other. It is also noticed the
presence of a large structure in the 5 to 9 MeV region,
composed by several states. The same structure appears
in 60Ni(α,α
′
) scattering data of Ref. [34]. In this energy
range, numerous excited states of projectile (0(2)+, 3−,
2+, 1−, 2− ) and target are expected to be populated.
The angular distributions of the absolute elastic and
inelastic cross-sections were extracted from measured
yields down to a remarkable value of 10−7 σRuth and are
shown in Fig. 2. A systematic error in the cross section
is common to all data points and it is not included in the
error bars. This kind of error comes from two sources:
the determination of the target thickness (obtained pre-
viously measuring the energy loss of alpha particles); the
beam integration by the Faraday cup (small noise in-
duced in the Faraday cup cabling). The uncertainties
represented in Fig.2 come from other sources, such as
the solid angle determination (correlated to the error in
the measurement of the central angular position of MAG-
NEX spectrometer) and the statistical error (greater at
backward angles). No background subtraction was per-
formed. A possible contribution from contaminants in
the 60Ni target (usually from carbon or oxygen build-up
during beam exposure) is negligible. At very forward an-
gles (θc.m. < 7.5◦), the firt inelastic state of 60Ni slightly
interferes with the elastic peak due to the low resolution
of the detector at this angular region. See Supplemental
Material at [35] to access the data tables. For further
information about the uncertainty propagation, one may
consult [31].
The large uncertainty in the measured elastic data in
the region of θc.m. > 30◦ do not allow to define a fine
oscillatory pattern of scattering as done previously for
the 16O+27Al reaction at 280 MeV ([26]) due to the low
number of counts in each angle.
FIG. 1. Color online - Energy spectrum for the 16O+60Ni
reaction at 260 MeV between 12◦ and 13◦ (laboratory frame-
work). The most relevant peaks are identified in the figure.
Note that peaks corresponding to the elastic and first inelastic
states are scaled for a better visualization.
III. THEORETICAL FRAMEWORK
As stated before, at low energies only a few reaction
mechanisms are important, being usually included in the
coupling scheme of CC calculations. Thus, the only imag-
inary potential needed is a internal potential to the bar-
rier, that accounts for the loss of flux to fusion chan-
nel. When the energy increases, the number of direct
reaction channels increases rapidly and it is almost im-
possible to couple all of them in CC calculations. This
is especially true in the case of broad resonances (giant
resonances) and high excited states, for which there is
no spectroscopic information. Therefore the CC calcu-
lation is performed using explicit coupling of the elastic
channel to several inelastic channels corresponding to the
excitation of collective states where spectroscopic infor-
mation is available, and account for the coupling to the
other high energy collective channels implicitly through
the use of a deformed complex coupling potential. Opti-
cal model and CC calculations were performed in order
to analyze the data using the FRESCO code [36].
A. The 16O+60Ni System
In the 16O+60Ni calculations, the 2+ and 3− excited
states of target were included in the coupling scheme.
The 3− (E∗ = 6.13 MeV) excitation of projectile was
also considered. The real nuclear potential used in the
calculations was the double folding São Paulo potential
(SPP), VSPP [37–39]. In Ref. [41], it was demonstrated
that elastic scattering of several systems over a wide en-
ergy range is well described using "bare" (no couplings
3are considred) optical potential defined as
Ubare = (1 + 0.8 · i)VSPP (1)
The SPP potential is the non-local version of the
double-folding interaction. The form used in the analy-
sis of the data is the local, energy-dependent, equivalent
potential, See Refs. [37–39]. The numerical factor 0.8
in the imaginary part of the bare potential above was
fixed by adjusting a large set of data, which accounts
for flux loss to other channels not explicitally included in
the coupling scheme, as excited states and single nucleon
knockouts [40]. The results considering such systematics
for 16O+60Ni and 16O+27Al reactions are, from now on,
represented by a dot-dashed magenta line.
In Fig. 2 it is possible to notice that systematics gives
a poor description of data for angles larger than 20◦. One
should remember that this systematics was originally ob-
tained for energies close to the Coulomb barrier, includ-
ing data of cross sections (normalized by the Rutherford
one) around 10−3 − 10−4. A further improvement con-
sisted in the coupling of the above mentioned collective
inelastic channels keeping the same bare potential. From
now on, calculations considering the coupling of the in-
elastic channels of the target will be represented by a
green dashed line. From calculations of 16O+27Al reac-
tion at 280 MeV reported in Ref. [26], it was noticed
that the simple inclusion of inelastic channels was not
sufficient to reproduce elastic scattering data at large an-
gles. The coupling of α transfer channel (the one with
most favoured Q value) using realistic spectroscopic am-
plitudes did not modify the results. It was also discovered
that the phase of the Fresnel oscillations in the theoreti-
cal results and the experimental data was not the same,
clearly implying that additional reaction channels are re-
quired to be coupled in calculations in order to reproduce
the full angular range covered by experimental data.
In Ref. [44], it is shown that the deformation of the
imaginary part of the nuclear potential (when consider-
ing the coupling of the inelastic channels) can play an
important role in the 182W(d, d
′
)182W reaction. This
result is in accordance with the Bohr-Mottelson unified
model [42, 43]. Refs. [45, 46] claimed that, even for
light ions, the inclusion of the deformation of the imag-
inary part may provide evidence that there is a strong
interference between the Coulomb and nuclear contribu-
tions, especially when collective excitations of the nuclei
are present. Giant Resonances (GR) can, in principle,
act as important doorway states for nuclear scattering,
since they represent small amplitude oscillations of nu-
clei. Very few collective degrees of freedom are involved
in GR and consequently their overlap to nuclear ground
state can be large. However, not much is known about
the effect of the GR on the elastic scattering. At the
bombarding energies discussed here, high-lying states of
nuclei can be accessed (including giant resonances), re-
distributing part of the flux from the low lying excited
states. A detailed description of the coupling to all GR
would require several parameters, as multipolarities, cen-
troids and widths. Instead, in the present calculations, a
different approach is proposed, by deforming of the imag-
inary part of the nuclear potential.
For deforming the imaginary part of the optical nuclear
potential, the same prescription adopted for the defor-
mation of its real part is adopted. This means that a
multipole expansion of the optical potential is performed
considering up to the octupole term. The radial part
of the form factor are the derivatives of the potential.
So, the transition operator is given by a polynomial ex-
pansion where each term is composed by the product of
the deformation parameter, the radial derivative and the
spherical function. Due to the large deformation param-
eter of the 16O excited state, an option in the FRESCO
code guarantees the volume conservation up to second-
order correction.
For the 60Ni nucleus, the excited states are described
within the context of the vibrational model. In the cal-
culations, the reduced transition probabilities B(E2) ↑=
0.093 e2b2 for quadrupole state and B(E3) ↑= 0.021 e2b3
for the octupole state, are those reported in Refs. [47]
and [48], respectively. The B(E3) ↑= 0.0015 e2b3 for the
3− excited state of 16O projectile was taken from Ref.
[48]. Since this is the only state of the projectile coupled
in the calculations, there is no difference when consider-
ing a vibrational or a rotational model for the excitation.
In all calculations, the finite diffuseness of nuclear sur-
faces (discussed in Ref. [49]) was considered. The respec-
tive δ deformation lengths and the reduced matrix ele-
ments used in the calculations were obtained from these
experimental values using expressions reported in Ref.
[36]. Calculations coupling the inelastic excitations of
target and projectile are represented, from now on, by a
solid blue line. Finally, calculations considering all the
above mentioned couplings but disregarding the deforma-
tion of imaginary part of nuclear potential will be pre-
sented as a red dotted line.
The inclusion of the 2+ and 3− inelastic states of the
target 60Ni in the CC calculations was not sufficient to re-
produce the elastic scattering at large angles (Fig. 2.a).
Several calculations were performed trying to obtain a
proper imaginary normalization that reproduces data,
however, this procedure did not improve the agreement
between the experimental data and the theoretical elas-
tic angular distributions (especially at large angles). The
inclusion of the projectile excitation in the calculations
(solid blue line), using the SPP optical potential, gives
a remarkable good description of elastic scattering (Fig.
2.a). The calculation considering all the previous excita-
tions and no deformation in the imaginary nuclear poten-
tial (red dotted line) does not describe the data properly,
indicating the necessity of deforming the imaginary term.
Figs. 2.b and 2.c show the inelastic angular distribu-
tions of 60Ni 2+ and 3− states, respectively. CC cal-
culations including the already mentioned states (solid
blue lines) show good agreement with data. Ref. [50]
shows that the 3− state of 16O can be interpreted as the
isoscalar octupolar giant mode. The relevance of such
4FIG. 2. (Color online) - Angular distributions of 16O+60Ni: (a) Elastic scattering showing different calculations. The dotted-
dashed magenta line shows the optical model calculation with nuclear São Paulo potential. The dashed green line shows the
CC calculations including the first 2+ and 3− inelastic states of target. The solid blue line shows the results of CC calculation
including the target excitation and also the first inelastic state of projectile. The dotted red line shows the calculations including
all the mentioned couplings but disregarding the deformation of the imaginary potential; (b) 2+ inelastic distribution of target.
The calculations follow the same color representation and curves as in Fig. (a). ; (c) 3− inelastic distribution of target. The
calculations follow the same color representation and curves as in Fig. (a).
state for a successful data analysis may indicate the im-
portance of GR in elastic and quasielastic scattering.
We emphasize once again that the the numerical factor
0.8 multiplying the imaginary part of the bare potential
in our CC calculations accounts for the high energy of
the explored reaction. As many channels are open at such
energy, it is necessary to take into account the loss of flux
to all processes that have not been explicitly considered.
This effect is particularly important here since we are
exploring the internal region of the reacting system where
the flux dissipation effect is stronger.
B. The 16O+27Al System
The same calculation approach can also describe the
elastic and inelastic angular distributions measured in
Ref. [26] for 16O+27Al reaction at 280 MeV. In the
16O+27Al spectrum (see Fig. 1 in Ref. [26]), it was
possible to distinguish the elastic channel from a compo-
sition of five excited states of target: 1/2+ (E∗ = 0.84
MeV), 3/2+ (E∗ = 1.01 MeV), 7/2+ (E∗ = 2.21 MeV),
5/2+ (E∗ = 2.73 MeV) and 9/2+ (E∗ = 3.00 MeV). The
respective reduced transition probabilities B(E2) ↑ val-
ues are 0.004, 0.019, 0.004, 0.007 and 0.004 e2b2. Again,
a large structure at ∼ 6 MeV containing excited states of
the projectile and target has been observed. TheB(E2) ↑
of 27Al multiplet states have already been experimentally
5determined and can be found in Ref. [51]. Figs. 3.a and
3.b show angular distributions for the 16O+27Al elastic
and inelastic scatterings, respectively.
We reiterate that the bare optical potential calcula-
tions and the CC calculations with the inclusion of the
already mentioned target excited states are not sufficient
to describe data. The inclusion of the 3− projectile exci-
tation in the CC calculations is mandatory for a success-
ful description of both, elastic and inelastic, scattering
angular distributions. This suggests that taking into ac-
count the coupling to the 3− state of the projectile 16O
is important at energies well above the barrier, however,
further studies must be performed.
In particular, without the inclusion of the projectile
excitation and the deformation of the imaginary part of
optical potential, it was not possible to find the right
phase of the oscillation pattern of elastic scattering (inset
of Fig. 3.a). Without the deformation of the imaginary
nuclear potential, the data are not well reproduced (red
dotted line).
In Fig. 3.b, the experimental cross section is the sum
of the quintuplet of inelastic channels. The ones that
most contribute are the 1/2+ and 9/2+ (the latter at the
largest angles). The experimental angular oscillations on
the cross sections (as well as its absolute value) are well
reproduced.
There are several differences in the present calculations
with those performed in Ref. [26]. In the previous cal-
culations, the excited states of 27Al were treated as a
hole in the 2+ state of 28Si. A poor description of elastic
scattering was achieved in this framework (Fig. 3.a of
Ref. [26]). Also on those calculations, the proton and α
transfer channels were considered, however, no satisfac-
tory description of elastic channel was found (Fig. 3.c of
Ref. [26]). A good description (Fig. 4.a of Ref. [26]) of
data up to θc.m. = 40◦ was found when the normalization
of the real part of nuclear potential was changed to a 0.6
factor, however, no explanation was found for it. Even
on this previous work, it was said that a great effect due
the ressonant states could be the reason of the discrepan-
cies between calculations and data. The main difference
between that work and the present one is the deforma-
tion of the imaginary part of nuclear optical potential to
take into account effectively possible couplings to collec-
tive states not included explicitly, as the coupling of the
3− state of the projectile, which also revealed to be ex-
tremely important in calculations. One must also observe
that the present calculation describes the backward scat-
tering data (θc.m. > 40◦) better than the previous one.
FIG. 3. (Color online) - Angular distributions of 16O+27Al at
280 MeV: (a) Elastic scattering. The dotted-dashed magenta
line shows the optical model calculation with the nuclear São
Paulo potential. The dashed green line shows the CC calcu-
lations including the inelastic states of the target (see text for
details). The solid blue line shows the results of CC calcula-
tion including the target excitation and also the first inelastic
state of projectile. The dotted red line shows the calculations
including all the mentioned couplings but disregarding the
deformation of the imaginary potential; (b) Inelastic states of
target. The lines represent the summed total inelastic cross
section. The calculations follow the same color representation
and curves as in Fig. (a).
IV. DISCUSSION
In the calculations of 16O+27Al reaction at 280 MeV,
the (1+0.8 · i)VSPP nuclear potential was utilized (same
imaginary normalization of 0.8 as that of the 60Ni case).
At lower energies one expects that the numerical factor
0.8 to become smaller. This statement was tested by per-
forming the same type of calculations for the 16O+27Al
reaction at 100 MeV, whose data are presented in Ref.
[22]. The comparison of data from Ref. [22] and the
present calculation is presented in Fig. 4.
For the lower energy, a good description of elastic (Fig.
4.a) and inelastic (Fig. 4.b) channels were obtained us-
ing a 0.45 normalization for the imaginary part. The
decrease in normalization was expected since, at this
6energy, the number of open channels in the reaction is
smaller when compared to the higher one. The compar-
ison of the present calculation with the one presented
in Ref. [22] demonstrates the importance of considering
the coupling of projectile excitation and the deformation
of imaginary potential, since they were not considered
previously. In the previous work, it was not possible to
reproduce the phase of oscillations in elastic scattering
(inset of Fig. 2 of the previous work). This could be
achieved in the present paper, as demonstrated in the
inset of Fig. 4.a.
FIG. 4. (Color online) - Angular distributions of 16O+27Al at
100 MeV: (a) Elastic scattering. The solid blue line shows the
results of CC calculation including the target excitation and
also the first inelastic state of projectile; (b) Inelastic states of
target. The lines represent the summed total inelastic cross
section.
The present calculations also reproduced the data of
the elastic scattering of 16O+60Ni at 42 MeV incident
beam energy (from Ref. [52]), using a 40 times smaller
imaginary potential (Vbare with 0.02 normalization of
the imaginary part), as would be expected for energies
close to the Coulomb barrier. The adopted procedure de-
scribes remarkably well data for different systems in an
extensive energy range, signalling that the main physics
has been considered. In this sense, it offers a promising
approach to analyze heavy-ion reactions well above the
Coulomb barrier, when the couplings of the low-lying col-
lective states can be strongly influenced by the couplings
to very collective states in the continuum. Under these
conditions, due to the large number of open channels and
the possibility to access high excitation energies and mul-
tipolarities, the overall couplings can be accounted for in
the calculations by deforming the imaginary part of nu-
clear potential.
FIG. 5. Color online - Effective potentials. (a) Real polar-
ization potential shape for several calculations of 16O+60Ni
reaction; (b) Imaginary polarization potential shape for sev-
eral calculations of 16O+60Ni reaction; (c) Imaginary polar-
ization potential shape for several calculations of 16O+27Al
reaction; (d) Imaginary polarization potential shape for sev-
eral calculations of 16O+27Al reaction. The arrows represent
the approximate potential radius position. The line type and
color and color code is the same as in Figs. 2 and 3.
An analysis of the resulting potentials was performed.
They were composed by the Coulomb and nuclear in-
teractions, added by the Trivially Equivalent Local Po-
tential (TELP) [53] implemented in FRESCO code for
each individual coupled channel. It is important to men-
tion that one chaneel calculations that includes the TELP
have been proved to give a quite reasonable description
of the CC elastic angular distribution, even in the case
of system involving weakly bound nuclei [54]. For the
qualitative analysis here proposed it is sufficient to use
such approximation. In Fig. 5 the effective potentials are
presented for the real and imaginary parts. For the real
part, the Coulomb potential is also included. Figs. 5.a
and 5.b show the real and imaginary parts (respectively)
7of the total potential for the 16O+60Ni system. Figs.
5.c and 5.d show the same potentials for the 16O+27Al
reaction (exclusively at 280 MeV).
An analysis of Figs. 5.a and 5.c shows that the ef-
fect of coupling the inelastic channels of the target and
projectile (deforming the imaginary potential) affects the
inner part of the barrier, especially changing the region
close to the surface, defined, as usual, to be around the
potential radius (indicated by the black arrows). The
changes in the real part of the total potential accompany
the changes (in the same region) of the imaginary part
of the optical potential, as can be seen in Figs. 5.b and
5.d. Both imaginary potentials became less absorptive,
thus enhancing nuclear transparency in the overlapping
region of the colliding nuclei. From Figs. 5.a and 5.c it
is observed that the effect of the real DPP is to slightly
widen the Coulomb barrier. Accordingly, considering the
DPP in an one-effective channel description, one can as-
sert that such an added potential to the bare one, induces
a repulsive real and a weakening of the imaginary com-
ponents. This is opposite to what happens in the surface
region at lower energies, or when one disregards the de-
formation of the imaginary part (check the red-dotted
line in Fig. 5). This may indicate the necessity of in-
cluding even the breakup channel since here the energy
is quite high and such coupling may be relevant. Further
work is required to elucidate the matter.
In general, it is not easy to guess what is the expected
effect of the polarization potentials on the elastic and
inelastic angular distributions. The real and imaginary
parts may have different effects on the elastic and inelas-
tic scattering depending whether they are attractive or
repulsive. From Fig. 2.a, it is observed that coupling the
inelastic channels of the target decreases the elastic dif-
ferential cross sections of the 16O+60Ni reaction at back-
ward angles. Then, coupling the inelastic channel of the
projectile (blue solid line) affects especially the angular
region between θc.m. = 30◦ and θc.m. = 45◦, increasing its
differential cross section. For the 16O+27Al system (Fig.
3.a) occurs the opposite. As already mentioned, the net
effect of the polarization potentials depends on the rela-
tive importance of the real and imaginary parts of total
potential. For the 16O+60Ni case, the polarization po-
tential acted close to the surface, affecting a small region
of scattering angles. One should note that, to properly
describe data, changes must occur only at particular val-
ues of the radius positions of the polarization potential.
These local changes indicate that it is not possible, for
instance, to simply find a normalization of the imaginary
part that generates an effective potential which would
describe the scattering in the the whole angular distribu-
tion. Fig. 5 shows, for both systems, two aspects: 1. the
necessity to use the deformation of the imaginary part of
potential to generate an exclusively repulsive polarization
potential; 2. the important role played by the projectile
excitation, since the coupling to the 3− state of 16O is the
one that produces more changes in the shape of the sur-
face of the potential, being the responsible for the changes
in the elastic scattering angular distributions. However,
one must remember that both effects must be coupled to
give a proper description of the angular distribution.
V. CONCLUSIONS
Summarising, we have successfully described the elas-
tic and inelastic scattering of 16O + 60Ni and 16O + 27Al
at intermediate energies, through a coupled channels cal-
culation involving a deformed optical potential operator.
We demonstrated that the deformed imaginary part of
the potential, together with the inclusion of the excited
3− state of 16O were important to get a good description
of the data. In particular, the role played by 3− state
of 16O projectile in the calculations was found to be of
paramount importance. New perspectives are open to ex-
tend this exploration to other projectile/target systems
and at other incident energies. In addition, an accurate
investigation of the effect of coupling to the continuum,
accessible with 16O scattering at intermediate energy, can
provide precious information on similar effects in weakly
bound nuclei. In fact, in these latter systems, one expect
a strong coupling to continuum even at energies around
the Coulomb barrier. The precise description of heavy-
ion elastic scattering can play a major role for a precise
determination of nuclear matrix elements to be extracted
from reaction studies. Pertinent examples are the recent
studies of heavy-ion charge exchange reactions and their
connection with neutrinoless double beta decay [55, 56]
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